Background/Objectives: Although secular trends have been well documented in the craniofacial region, there is no evidence to suggest that these temporal changes exist in samples used for orthodontic research. The aim of this study is to determine the effect of secular trends on craniofacial growth in a series of longitudinal birth cohorts that are frequently used in orthodontic research. Materials/Methods: Cephalometric data from serial lateral headfilms of 138 adolescents (total of 1252 cephalograms) were collected from the Craniofacial Growth Legacy Collection, which includes nine historical growth studies that were mostly conducted throughout the past century. Mixed-effects linear models were used to test the effect of 'year of birth (yob)', 'age', and their interaction on six sagittal (SNA, SNB, ANB, S-N, Co-A, Co-Po) and two vertical (N-Me, ANS-Me) cephalometric measurements. Results: Five of the eight cephalometric variables showed a significant (P ≤ 0.017) 'yob' effect, with four of these indicating an increase over time (SNA, ANB, S-N, Co-A) and one indicating a decrease (SNB). Highly significant (P < 0.001) interactions between 'age' and 'yob' were found for the measurements SNA, ANB, Co-A, and S-N. Limitations: Some of the limitations of the present study include the use of a small, non-random sample of the original large-scale growth studies. Conclusions/Implications: Secular trends were found in the craniofacial growth records of the 138 participants derived from the longitudinal growth studies. These secular trends are likely to have important clinical implications for the findings of controlled clinical trials in orthodontics. More research is needed to establish the presence of secular trends in other historical collections.
Introduction
The size of the human body has undergone considerable change as a result of secular trends. Body height, for instance, has increased significantly over recent times (1, 2) and continues to do so in some European populations although at a slower rate (3, 4) . Secular trends have also been reported for various dentofacial traits, including tooth size (5-7), malocclusion severity (8) , and craniofacial dimensions (9) (10) (11) (12) . More specifically, the mandible seems to have become increasingly longer, while the height and breadth of its corpus have become progressively smaller (11) .
Temporal changes in the craniofacial region have important implications for orthodontic research, and in particular, the design and interpretation of clinical trials that aim to evaluate the efficacy of treatment appliances. Indeed, a significant number of clinical trials designed to investigate the efficacy of growth modification appliances have used historical controls instead of randomized concurrent controls (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . These untreated control subjects have usually been selected from large-scale growth studies carried out during the past century. It has been suggested that the validity of a comparison between contemporary intervention groups and 'historical' controls European Journal of Orthodontics, 2015, 60-66 doi:10.1093/ejo/cju007 Advance Access publication 4 August 2014 may be questionable due to the effect of secular trends (25) . Until now, however, there has been no evidence to suggest that temporal changes exist in historical control groups used for orthodontic research.
Recently, the American Association of Orthodontists Foundation (AAOF) established an online Craniofacial Growth Legacy Collection that consists of several well-known growth studies, such as the Burlington and Michigan growth studies. Some of these historical growth collections have been repeatedly used in orthodontic research for selecting untreated control groups.
The objective of this study was to determine whether secular changes had occurred in a number of cephalometric variables across the time span that encompasses the AAOF's Craniofacial Growth Legacy Collection.
Materials and methods

Study sample
The study sample consisted of all the individuals that were included in the AAOF's online Craniofacial Growth Legacy Collection as of April 2012 (http://www.aaoflegacycollection.org). The records of these 138 adolescents were originally obtained from the nine major longitudinal growth studies that were carried out in the USA and Canada between 1930 and 1982. Individuals enrolled in these growth studies were mostly untreated and followed up for a period of time, with lateral cephalograms taken at regular intervals. A summary of the nine growth studies and their respective AAOF samples is presented in Table 1 .
A complete data set of cephalometric measurements was retrieved from the AAOF's website and checked for outliers. Cephalometric measurements of the study participants were collected from a total of 1252 lateral cephalograms. The median number of cephalograms per participant was 10, with the 10th and 90th percentiles being 4 and 13, respectively. Cephalometric analysis was carried out at the Craniofacial Research Instrumentation Laboratory (CRIL) at the Arthur A. Dugoni School of Dentistry, University of the Pacific (San Francisco, California, USA). A detailed methodology of the cephalometric procedures used at CRIL has previously been reported (26, 27) . In brief, the cephalometric measurements published on the AAOF website were obtained by firstly digitizing the radiographs at 300 dpi to generate a resolution greater than 0.1 mm per pixel. Two or more calibrated assessors identified the cephalometric landmarks and measured a standard set of linear and angular variables. The average value of these measurements was then calculated for each cephalogram and reported on the AAOF website.
Cephalometric variables
Eight cephalometric measurements were selected from a pool of 25 variables currently used by the AAOF's Growth Legacy Collection. The variables included six sagittal (SNA, SNB, ANB, S-N, Co-A, Co-Po) and two vertical (N-Me, ANS-Me) measurements. These eight measurements are commonly used to evaluate treatmentrelated changes in the mandible, maxilla, and vertical dimension. Descriptions of the cephalometric variables used in this study are presented in Table 2 .
Statistical analysis
Data were firstly analysed using conventional descriptive statistics. Using linear mixed-effects regression models, cephalometric measures were predicted from 'age', 'sex', and 'year of birth (yob)', with 'subject' and 'growth study' entered as random effects. Descriptive statistics were computed using SPSS® (version 20.0, IBM Corporation, Chicago, Illinois, USA), while the mixed model analysis was carried out using Stata (version 12, StataCorp, College Station, Texas, USA). The alpha level was set at 0.05.
Results
All the cephalometric variables that were included in the present study showed highly significant changes with age (P < 0.001). Mean values (± standard deviation) for these cephalometric measurements in males and females at the ages of 9, 12, and 15 years are summarized in Table 3 . Five of the eight cephalometric variables differed significantly between both sexes (S-N, Co-A, Co-Po, N-Me, and ANS-Me; P < 0.001), whereas no sex-related differences were found for SNA, SNB, and ANB (P ≥ 0.189).
Five variables also showed a significant yob effect, with four of these indicating an increase over time (SNA, ANB, S-N, Co-A) and one indicating a decrease (SNB). The inclusion of second-order terms in the model had little impact on estimates of the regression coefficients and the relevant P-value. Investigations into the non-linearity of age and yob in the models did not show any strong evidence of non-linear patterns. Highly significant interactions between age and yob were found for SNA, ANB, Co-A, and S-N (P < 0.001; Table 4 ). These interactions indicate that age-related growth changes differed according to 
SNA (°)
Relationship of the maxilla to the anterior cranial base measured as the angle between sella, nasion, and A-point SNB (°)
Relationship of the mandible to the anterior cranial base measured as the angle between sella, nasion, and B-point ANB (°)
Relative position of the maxilla to the mandible measured as the angle between A-point, nasion, and B-point S-N (mm)
Length of anterior cranial base measured as the distance between sella and nasion Co-A (mm)
Relative length of the maxilla measured as the distance between condylion and A-point Co-Po (mm)
Relative length of the mandible measured as the distance between condylion and pogonion N-Me (mm)
Total face height measured as the distance between nasion and menton ANS-Me (mm)
Lower anterior face height measured as the distance between the anterior nasal spine and menton yob. To illustrate these interactions, we have plotted the age-related growth changes for three representative yob cohorts separated by 10-year intervals (Figure 1 ). Linear plots were used because they provided a simplified interpretation of the secular trends and interactions. The age-related profiles shown in Figure 1 clearly demonstrate that the growth rates differed between the three birth cohorts. For instance, SNA increased with age in the early birth cohort but decreased in the late birth cohort. On the other hand, the decrease in ANB became progressively less pronounced from the early to the late birth cohort.
Regression coefficients have been provided in Table 4 to help estimate the magnitude of secular trends for the different birth cohorts. For example, an angular measurement, such as SNA angle, would increase (0.2 degrees per year) for individuals born in 1925, but it would slightly decrease (−0.025 degrees per year) for individuals born in 1965. Therefore, the comparison of SNA changes between two birth cohorts that are 40 years apart, during a typical treatment time frame (2-3 years), would indicate a difference of about 0.4-0.6 degrees. A linear measurement, such as the distance Co-A, would increase around 1.9 mm per year for individuals born in 1925 but would increase only 1.5 mm per year for individuals born in 1965. In this case, the comparison of Co-A changes between the same two birth cohorts would result in a difference of approximately 0.8-1.2 mm. Although these estimates are useful in illustrating the impact of secular trends, it is important to note that they may not be appropriate for adjusting the outcomes of previous or future studies using historical controls.
Discussion
Secular changes have been reported for a number of craniofacial traits (10, (28) (29) (30) . Previous research, however, has mostly investigated anthropometric data (29, 31, 32) , or radiographic measurements from ancient skull collections (10, 11, (33) (34) (35) . In contrast, the present study utilized a sample of adolescents with serial cephalometric records that were collected during active growth periods. Using a multivariate mixed model, we identified several significant secular trends in the craniofacial region.
Before discussing the study's findings, however, there are a number of methodological limitations that should be addressed. First, our data set consisted of participants from nine different study cohorts that spanned a lengthy time period of nearly 75 years. Multiple unrelated cohorts are often used in retrospective studies investigating secular changes, although this has the potential to introduce bias if the samples are not comparable (6) . Studies that have used samples from different population sources have reported a number of differences in the study's sampling frame and sociodemographic characteristics (10) . In order to adjust for these potential Figure 1 . Plot of cephalometric changes in males and females modelled as a function of age and year of birth (yob). Significant first-order interactions between age and yob were found for a number of cephalometric variables (SNA, ANB, Co-A, and S-N). Marginal means were estimated using three different yob values (1945, 1955, 1965 ) separated by 10-year intervals. Note the different age-related profiles of cephalometric measurements in the three birth cohorts; the differences were particularly pronounced for SNA, resulting in an inversion of the growth rate across cohorts.
differences, the variable 'study centre' was entered as a random factor in the multivariate model. Second, the cephalometric data used in this study were collected by a number of assessors, whose individual reliability was difficult to estimate. However, the majority of the measurements used in this study have been reported to be reliable (36) . The use of measurements obtained from multiple assessors is also likely to reduce the risk of examiner bias and increase the accuracy of estimates (37) . The magnification factor used in each collection also varied, although these differences were accounted for during data collection (by AAOF project team). Third, it is possible that the distribution of skeletal classes may have differed throughout the study period due to selection biases over time. A few individuals also received orthodontic treatment during adolescence, and this may have acted as a confounder. The impact of treatment on the cephalometric measurements used in the present study is unclear however, since the magnitude and direction of these treatment effects are difficult to establish.
On the other hand, one of the strengths of the present study is the inclusion of participants from a wide range of growth studies that are commonly used to select historical control groups. Since our sample was derived from the same source as previous historical control groups, we believe that our findings have highly relevant implications for both previous and current orthodontic research. It should also be emphasized that in spite of the limited size of the current AAOF online collection, we used this data set exclusively because it represents an easily accessible resource for nearly every researcher.
The multivariate modelling used in the present study represents a robust and powerful method for analysing this type of longitudinal data since it controls for potential confounders. Despite the usefulness of an R-squared estimate, this was not calculated for the present model since there is currently no clear consensus regarding the best method for calculating this parameter in mixed models. Although we used linear mixed models to simplify the interpretation of our results, it is important to note that the inclusion of secondorder terms in the model did not alter our findings. Our decision to use these linear models was mainly based on their usefulness and appropriateness to answer the research question at hand; namely, is there any evidence of secular changes in the cephalometric measurements of historical cohorts, thereby raising a question over their current use? Our analysis indicates that there is some evidence, even if the models themselves do not perfectly capture the growth patterns of each measure.
The results obtained from the present sample indicate that several significant secular trends have occurred within the craniofacial region over the past century. Of the eight cephalometric measurements investigated, we found a generally increasing trend in the dimensions of the anterior cranial base (S-N), maxilla (SNA and Co-A), and the intermaxillary angle (ANB). These findings are in agreement with those of other studies that have reported a significant temporal increase in the length of the anterior cranial base (9, 12, 34) , but not with others (33) . The fact that secular trends occurred simultaneously in both the anterior cranial base and the maxilla is not surprising, since growth of the maxilla is associated with that of the anterior cranial base (38) . This finding is also supported by studies that have reported a secular increase in maxillary alveolar prognathism (34) and protrusion of the anterior nasal spine (33, 35) .
Conversely, no significant secular trends were found in mandibular length, despite several reports of mandibular elongation (9, 11) , and increased chin projection across generations (39) . It is possible that these temporal changes were not detected in our study because of limited statistical power. Similarly, we did not find any significant changes in vertical face height across the study period even though the face and cranium have been described as becoming progressively narrower and longer in many industrialized populations (10, 12, 31, 32) . Further research using larger samples as well as antero-posterior cephalometric measurements is therefore needed to investigate these reported temporal changes not only in terms of absolute size but also with respect to facial form. Indeed, secular changes in craniofacial shape have been reported to be greater than those of size for some traits (10) .
Perhaps the most interesting finding of the present study was the interaction between age and yob for some cephalometric variables, which indicates that different birth cohorts have distinctive growth patterns. Our data suggest that the relationship between age and these cephalometric variables changes depending on the yob (i.e. effect of secular trends). The clinical significance of these interactions is evident if one considers the growth pattern of the maxilla for a given age range. Over a 20-year period, the late birth cohorts experience a decrease in maxillary growth, while the early cohorts display an increased growth rate. It follows that the sagittal discrepancy, as represented by ANB, also decreases more rapidly during this period in the late birth cohorts than the early cohorts. It is this difference in growth pattern, and not necessarily the difference in absolute size, that complicates the comparison between early and late birth cohorts. Indeed, studies that use pretreatment ANB to match contemporary cases with historical controls do not address the differences in growth patterns that exist between these groups.
The present study's data suggest that significant growth differences can occur between birth cohorts that are no more than a few decades apart. These findings are consistent with those of other studies that have found significant secular changes in tooth size dimensions (6) and craniofacial form within a similarly short period (32) . In a broader sense, these secular trends are particularly interesting since they may account for some of the positive growth changes reported in clinical trials that compare contemporary samples with historical controls. Indeed, it may be somewhat tempting to assume that the effect size of these secular trends would considerably increase as the time interval between the contemporary and historical samples increases, although this is yet to be verified.
The effects of secular trends may have important implications for the design and interpretation of previous orthodontic studies (25) . Controlled clinical trials (CCTs) that are designed to investigate the efficacy of dentofacial orthopaedic appliances are continuously being published with many of them employing historical controls from the same growth studies included in our sample. Our findings suggest that secular trends are likely to result in modern craniofacial traits that are generally larger in size and exhibit different growth rate patterns than those of historical subjects, thus misrepresenting a treatment effect that would otherwise not be present if secular trends were taken into account. Interestingly, studies using concurrent controls, such as randomized controlled trials (RCTs), have failed to demonstrate clinically significant treatment effects that are similar to those reported in CCTs (40) . It is possible that the discrepancy in findings between RCTs and CCTs is partly due to the effects of secular trends in historical control samples.
The cephalometric data used in the present study were obtained from the AAOF's online Craniofacial Growth Legacy Collection, which represents a valuable historical resource for enhancing our understanding of craniofacial growth. The continued development of this valuable web-based resource is therefore likely to play an important role in future craniofacial research.
Conclusions
Within the limitations of the present study, it can be concluded that secular trends exist in the cephalometric dimensions of participants derived from a collection of historical growth studies. In turn, this may threaten the internal validity of clinical trials that use those historical control groups to evaluate treatment effects in contemporary patients. More research is needed, however, to establish the presence of secular trends in other historical collections.
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